We compared the effect of the acute applica tion of ethanol, methanol, I-propanol, I-butanol, urea, and mannitol (1-100 mM) on the basal tone of isolated cannulated rat intracerebral arterioles to determine if the response of these arterioles to ethanol could be attributed to alteration of membrane fluidity or changes in osmolal ity. These arterioles spontaneously developed tone to 62.0 ± 8.4% of passive diameter (44.2 ± 11.9 vs. 70.9 ± 14.7 fJ-m). Ethanol caused a dose-dependent reduction in arteriolar diameter starting at 3 mM (p = 0.03), reaching a diameter of 81.4 ± 3.0% of basal tone at 100 mM. In comparison, all other agents tested caused the arterioles to dilate, with the exception of I-propanol, which pro duced inconsistent vessel responses. At 100 mM concen tration, methanol, I-butanol, urea, and mannitol dilated
Ethanol consumption is a risk factor for both ischemic and hemorrhagic cerebrovascular disease (Hillbom and Kaste, 1983; Gorelick, 1989) . The as sociation between alcohol consumption and hyper tension or disorders of coagulation, as well as other unknown mechanisms, may account for this link between alcohol and increased risk of stroke (Mac Mahon, 1987; Gorelick, 1989) . have documented alcohol-induced spasms of pial arterioles and venules in a rat open cranial window preparation, as well as in isolated vessel segments of dog basilar and middle cerebral arteries. They have suggested that a direct action of ethanol on the cerebrovasculature may contribute to the link be tween alcohol consumption and cerebrovascular intracerebral arterioles by 116.1 ± 12.7, 151.5 ± 12.4, 131.1 ± 17.0, and 149.8 ± 6.6%, respectively. Thus, in a concentration range associated with acute intoxication, ethanol causes constriction of isolated intracerebral arte rioles. The mechanism of action of ethanol cannot be ac counted for solely based upon its physicochemical char acteristics of osmolality or lipid solubility, but rather may reflect a more specific action on one or more cellular mechanisms responsible for determining basal intracere bral arteriolar tone. The characterization of the response of intracerebral arterioles to ethanol is important in view of epidemiologic links between ethanol consumption and cerebrovascular disease. Key Words: Ethyl alcohol Intracerebral arterioles-Membrane fluidity-Osmolal ity.
disease (Altura et aI., 1983; Altura and Altura, 1984) . Ethanol can cause vasodilatation by block ade of peripheral or central sympathetic activity (e.g., Fewings et aI., 1966) , or it may act directly on blood vessels to cause either vasodilatation or va soconstriction depending upon the concentration of ethanol employed and the type of vessel investi gated Altura, 1983, 1984) . The central and direct effects of ethanol may oppose each other in a particular vascular bed, thus obscuring etha nol's mechanism of action or leading to contradic tory experimental results (Fewings et aI., 1966) . Further, ethanol may alter the response of a vessel to endogenously produced vasoactive compounds or have other effects on the surrounding paren chyma that may alter vessel tone Al tura, 1983, 1984) . It is clear that to gain an under standing of the action of ethanol on cerebrovascular resistance and CBF, it is necessary to understand both the central and the direct effects of ethanol on the brain blood vessels.
Intracerebral arterioles are major contributors to cerebrovascular autoregulation, and combined with the pial arterioles, they account for approximately one-half of total cerebrovascular resistance in the rat (Harper et aI., 1984) . However, the physiologi cal responses of these distal vessels of the cerebral circulation may differ from those of the larger cere bral resistance arteries (e.g., Takayasu and Dacey, 1989a) . We report here the first characterization of the response of isolated intracerebral arterioles to physiologically common concentrations of ethanol (1-100 mM). In addition, since the effects of ethanol are often attributed to a nonspecific interaction with membrane lipids or changes in osmolality, we com pared the response of these vessels to related alco hols (methanol, I -propanol, and I -butanol) as well as urea (an unrelated, polar, membrane-penetrating compound) and mannitol (a true osmoticant).
MATERIALS AND METHODS

Vessel protoco l
Animal experimentation was conducted in accordance with institutional guidelines and approved by the Univer sity of Washington Animal Care Committee. A total of 49 male Sprague-Dawley rats of 30(}...4 00 g body wt were used in this study. The arteriole isolation and cannulation techniques have been described in detail elsewhere (Du ling et aI., 1981; Dacey and Duling, 1982) . Briefly, the rats were anesthetized with pentobarbital (50 mg/kg i.p.) and decapitated. The brain was removed from the skull and placed in a balanced salt solution (BSS; pH 7.3, (}...4°C) containing 1 % albumin. A section of cerebral cortex, � 2 mm thick and containing the first (Ml) portion of the middle cerebral artery, was excised. Separation of the pia mater from the parenchyma exposed the attached pene trating intracerebral arterioles, and a section of an arte riole � 1 ,000 !Lm long and without side branches was dis sected and transferred to a temperature-controlled organ bath (�2 m!) on the stage of an inverted microscope. The vessel, in room temperature BSS containing 1 % albumin (pH 7.3), was cannulated and 60 mm Hg transmural pres sure applied via the cannulating pipette. The passive in ternal diameter was measured using a video-dimensional analysis system. The organ bath temperature was then increased to 37°C and the extraluminal solution ex changed by displacing the bath volume with � 10 ml of BSS with no albumin (pH 7.3, 3rC) several times over the course of �45 min. During this time, the vessels ex hibit vasomotion and thereafter develop spontaneous tone, contracting to �60% of their passive diameter. This basal tone (vessel diameter in BSS, pH 7.3, 37°C/vessel diameter in BSS, pH 7.3, 20°C) remains largely stable throughout the duration of an experiment (several hours). Vessel reactivity was initially evaluated by exchanging BSS with the standard pH of 7.3 for BSS at pH 6.8. Ves sels that increased in diameter by > 15% and reestab lished basal tone upon return to BSS at pH 7.3 were used for subsequent experiments. Solutions of test agents in BSS (pH 7.3, 37°C) were applied to the arterioles. Suc cessively higher concentrations of an agent were tested by exchanging the organ chamber volume, and vessel di ameter was recorded after equilibration for 5-7 min. At the conclusion of the experiment, arteriolar reactivity was evaluated. The ability of the vessel to reestablish basal tone in BSS (pH 7.3) after exposure to the highest concentration of test agent and the reactivity to alkalotic pH (pH 7.6) were determined.
Data analysis
Vessel diameters are reported in microns ± SD and vessel response expressed as percent change from basal diameter ± SD. The data were con verted to the log of the diameter or the log of the ratio of diameters for statistical analysis. Statistical analysis was accomplished using a statistical anal ysis program (STATISTIX; Analytical Software, St. Paul, MN, U.S.A.). One-way analysis of vari ance was used to determine if arterioles with similar characteristics constituted each experimental group. The group mean values of passive diameter, basal diameter, percent tone developed, percent di ameter change for pH 7.3 to pH 6.8 reactivity test, tone after exposure to test agent washout, and pH 7.3 to pH 7.6 reactivity test were compared (Table  1) . The paired t test was used to assess if tone after exposure to a test compound differed from initial basal tone. The Wilcoxon signed rank test (one tailed p value) was used to determine if an agent produced a statistically significant response for a particular dose of test agent compared with basal tone (Marascuilo and McSweeney, 1977) . Kruskal Wallis analysis of variance was used to test the null hypothesis of no difference among treatments (Marascuilo and McSweeney, 1977) . Tukey's post hoc pairwise comparison was used to determine if a dose of one compound caused a significantly differ ent response in comparison with the same dose of another compound (Marascuilo and McSweeney, 1977) . Responses were considered significantly dif ferent at p < 0.05.
Solutions
All reagents were obtained from Sigma Chemical Co. unless otherwise indicated. BSS contained the following (mM): 144 NaCI, 3.0 KCI, 2.5 CaCI2, MgS04, 5.0 glucose, 2.0 pyruvate, 0.02 ethylenedi aminetetraacetic acid, 2.0 3(N-morpholino)pro panesulfonic acid, and 1.21 NaH2P04. Bovine se rum albumin (fraction V) 1 % was present in the BSS during vessel isolation and cannulation and intralu minally throughout the experiment. Intraluminal buffer was maintained at pH 7.3. Extraluminal buffer contained no bovine serum albumin, and pH was changed from pH 7.3 to pH 6.8 or 7.6 for vessel viability and reactivity tests. Test solutions of eth anol (Midwest Grain Products), methanol (Fisher Scientific), I-propanol (Fisher Scientific), I-butanol (Fisher Scientific), mannitol (Abbott; 25%), or urea were made to specified concentrations, warmed to 37°C, and pH adjusted to 7.3 prior to infusion into the organ bath. The concentration range tested (1-100 mM) corresponds to blood alcohol concentra tions (b.a.c. 's) associated with acute intoxication (Table 2) .
RESULTS
A total of 49 arterioles with a passive diameter of 70.9 ± 14.7 fLm spontaneously contracted to 44.2 ± 11.9 fLm to develop 62.0 ± 8.4% tone. These vessels dilated 33.7 ± 15.4% when the pH was decreased from pH 7.3 to 6.8 and constricted 25.2 ± 7.0% when bath pH was increased from pH 7.3 to 7.6. Table 1 lists the vessel characteristics for each ex perimental group. There were no significant differ- ences among the test groups. In all groups, there was a tendency for the arteriole diameter in BSS (pH 7.3) to increase after exposure of the vessel to the highest dose of test agent. In the case of meth anol, butanol, and urea, the difference in end tone was significantly different from basal tone (Table 1) . Figure 1 shows the response of nine arterioles to increasing concentrations of ethanol (1-100 mM). The number of vessels tested at each concentration appears in parentheses beside the data points since overlapping concentration ranges were tested. Eth anol at 1 mM had no effect, while concentrations starting at 3 mM (p = 0.03) and higher caused va soconstriction.
Since the effects of ethanol are frequently attrib uted to changes in membrane fluidity, we next tested the response of intracerebral arterioles to other short-chain alkyl alcohols. The responses of intracerebral arterioles to methanol and I-butanol are shown in Fig. 2 . All doses of methanol caused significant vasodilatation of intracerebral arterioles (1-100 mM). The maximum vasodilatation occurred at 30 mM methanol (127 ± 11.4%); at 50 and 100 mM, there was a nonsignificant decrease in vessel diameter relative to the 30 mM response. After ex posure to methanol, it was often difficult to rees tablish the original vessel basal diameter and the percent tone value (diameter in BSS, pH 7.3, 37°C/ passive diameter) increased significantly (from 61.9 ± 9.7 to 73.2 ± 10.4%; p = 0.002). However, the vessels still constricted when the pH was increased to pH 7.6 (22.1 ± 6.5%), and this response was not significantly different from that in the other exper imental groups. Five arterioles were used to test the response of intracerebral arterioles to I-propanol. Vessel re sponse was inconsistent, causing both vasodilata tion and vasoconstriction that were not dose depen dent. No further experiments were conducted using 1-propanol.
Increasing concentrations of I-butanol caused an increasing vasodilatation of intracerebral arterioles (Fig. 2) . Dilatation was significant at all concentra tions tested (1-100 mM). Prolonged washout times were often required to recover basal tone after ex posure of the vessels to the higher butanol concen trations. As with methanol, I-butanol decreased basal tone after exposure of the vessels to this al cohol (from 62.0 ± 6.9% of passive tone to 66.8 ± 4.0% of passive tone; p = 0.02). The arterioles re tained their ability to constrict to decreasing hydro gen ion concentrations (27.3 ± 5.6%).
Since increasing concentrations of alcohols will alter osmolality, we tested the arterioles using man nitol and urea (Fig. 3) . Mannitol acts as a true os moticant, passing through the lipid bilayer spar ingly, whereas urea rapidly equilibrates across membrane bilayers. Both agents caused dose dependent vasodilatation. Exposure to urea, like methanol and I-butanol, resulted in a loss of basal tone (59.6 ± 8.7% of passive diameter vs. 68.4 ± 7.6% of passive diameter; p = 0.04). The vessels' ability to contract in response to pH increase (25 ± 6.8%) remained intact. Although the percent tone value did increase, basal tone was not significantly different after exposure to mannitol (62.0 ± 5.7 vs. 68.5 ± 6.6%; p = 0.14).
The arteriolar response of intracerebral arterioles to alkyl alcohols (methanol, ethanol, and I-butanol) was compared (Fig. 2) . In general, ethanol caused vasoconstriction, while methanol and I-butanol caused vasodilatation of arterioles. The arteriolar response to I-butanol compared with ethanol was significantly different at all concentrations. Re sponses to methanol differed significantly from those to ethanol at concentrations between 1 and 30 mM . However, vessel responses to the higher con centrations of methanol (50 and 100 mM) were not significantly different from those to ethanol and were significantly less than the vasodilatation due to I-butanol. Like methanol and I-butanol, urea and mannitol also caused vasodilatation. Statistical comparison with the data for ethanol, mannitol, and urea revealed these differences were significant for �3 mM mannitol and �30 mM urea (Fig. 3) .
DISCUSSION
We studied the effect of acute ethanol application on intracerebral arterioles and compared the etha nol response to that of other short-chain primary alcohols as well as to mannitol and urea. After in gestion and absorption, ethanol is distributed in to tal body water, and its concentration in CSF paral lels that in blood after an initial lag period (Tewari and Sytinsky, 1985) . The concentration range of 0-100 mM ethanol was chosen to span b.a.c. values (0-0.46%) associated with altered function in hu mans (Tewari and Sytinsky, 1985) (Table 2) . To our knowledge, this is the first detailed report on the response of intracerebral vessels to ethanol, as well as to methanol, urea, I-propanol, and I-butanol. We found that ethanol in the concentration range of 3-100 mM caused dose-dependent constriction of intracerebral arterioles, while all other agents tested elicited vasodilatation.
Although somewhat controversial, the effect of ethanol ingestion on CBF appears to be as follows: In those cases where Pco2 (ventilation) is controlled to prevent hypercapnia-induced vasodilatation and the effect of ethanol is not obscured by anesthetic, ethanol appears to exert a biphasic effect on CBF, causing little change or vasodilatation at low con centrations and deficits in some regions at higher concentrations (Altura and Altura, 1984) . Goldman et al. (1973) used an indicator fractionation tech nique in unanesthetized rats to test the effect of low, moderate, and high doses of ethanol on re gional CBF. They found that low doses of ethanol (0.02-0.05% b.a.c.) did not produce changes in re gional CBF. Moderate ethanol concentrations (0.15-0.25% b.a.c.) reduced regional CBF to the hippocampus, while regional CBF in basal ganglia, frontal cortex, and olfactory bulb increased slightly and that in other regions remained unchanged. At high ethanol doses (0.25-0.50% b.a.c.), hippocam pus and cortical regional CBF decreased, while re-J Cereb Blood Flow Metab, Vol. /5, No.3, 1995 gional CBF to pons, medulla, and olfactory bulb increased. When ventilation was employed to reg ulate Pco2 during high ethanol conditions, regional CBF to nearly all regions of the rat brain was re duced below that which could be accounted for by the lowered cardiac output (Goldman et aI., 1973) . Thus, global CBF measurements may not reflect the response of cerebral blood vessels in a particu lar region of the brain. showed that low concentrations of ethanol (0.01 %) caused vasoconstriction of rat pial arterioles and venules in an open cranial window preparation. Interestingly, at high ethanol concentrations (0.30%), the pial ar teriolar spasms became irreversible and this led to focal hemorrhages (Altura et aI., 1983) . Thus, at a time when depression of respiration may cause global CBF increases, individual blood vessels may be damaged and local CBF impaired.
The vasoconstriction of pial arterioles by topical ethanol would argue for a direct effect of ethanol on these vessels (Altura et aI., 1983) . However, one cannot completely separate the effect ethanol may have on surrounding tissue metabolism (and thus regional CBF) from a direct constriction of these vessels by ethanol (Goldman et aI., 1973; Altura and Altura, 1984; Barry and Hemmingsen, 1984) . The isolated intracerebral arteriole preparation is well characterized (Dacey and Duling, 1982) . These ves sels consist of an endothelial cell lining, one smooth muscle cell layer, and a thin adventitial layer (Dacey and Duling, 1982) . The blood-brain barrier is intact and functions metabolically as is evidenced by the differential effects of intra-versus extralumi nal application of adenosine (Ngai and Winn, 1993a) . � -Monomethyl-I-arginine, a nitric oxide (NO) synthase inhibitor, causes reduction of the baseline diameter (N gai and Winn, 1993b) and blocks vasodilatation in response to intraluminal ATP or acetylcholine (data not shown), indicating that NO synthase-mediated responses are intact. For these experiments, only arterioles that devel oped myogenic tone spontaneously and responded to pH changes were used. With the exception of mannitol, the four tested alcohols and urea are freely lipid soluble and rapidly penetrate cell mem branes. We therefore applied a known concentra tion of a substance extraluminally into the large vol ume of the organ bath, allowing fast equilibration across the vessel wall and into the intraluminal space. Intraluminal application could allow rapid di lution across the vessel wall into the organ bath. Takayasu and Dacey (1989b) have shown that there is no difference in intracerebral arteriolar response between intra-and extraluminal application of man nitol, and preliminary experiments in our laboratory confirmed this result (data not shown). Urea, meth anol, and I-butanol caused a loss of basal vessel tone during the course of some experiments. How ever, the arterioles remained reactive to decreasing hydrogen ion concentration. In several prepara tions, the original basal tone was reestablished after prolonged washing (several bath exchanges over the course of 30--60 min) or brief exposure to the agent rather than successive additions of increasing concentrations. We propose that methanol, I-bu tanol, and urea did not adversely affect the ability of the intracerebral arterioles to constrict, but rather insufficient washout and high concentrations of these agents shifted basal tone. We believe this preparation is useful for the study of the response of intracerebral arterioles in the absence of anesthetic and global alterations of blood pressure or blood gases as well as in isolation from the influence of surrounding brain parenchyma metabolic activity. The results reported here document for the first time that ethanol at concentrations associated with b.a.c. obtained after moderate, acute ethanol con sumption has a direct action on brain intracerebral arterioles.
The response of the intracerebral arterioles to methanol (and to a lesser extent propanol and bu tanol) is itself of interest due to the risk of environ mental exposure (e .g., gasoline additive) and the presence of some methanol in most alcoholic bev erages (Sprung et aI., 1988; Liesivuori and Savo lainen, 1991) . Little information is available regard ing the interaction of methanol with cerebral blood vessels. The well known toxicity of methanol is due to its metabolites, formaldehyde and formic acid, which act as metabolic poisons to cause histotoxic hypoxia and subsequently vasodilatation (Liesi vuori and Savolainen, 1991) . Raskin and Sokoloff (1970) reported a small alcohol dehydrogenase ac tivity in rat brain homogenate as compared with liver homogenate (1 :4,000), and nonspecific cata lase or peroxidase activities could also metabolize alkyl alcohols (Liesivuori and Savolainen, 1991) . Based upon the relatively large mass of alcohol to be metabolized by the isolated arteriole in the organ bath and the rapidity of the vessel response, it seems unlikely that alcohol metabolites would ac cumulate in the organ bath. Also, acetaldehyde and acetate, the metabolites of ethanol, cause vasodila tation rather than vasoconstriction of the intracere bral arterioles (data not shown). Thus, it seems un likely that, in this preparation, metabolism contrib utes substantially to the intracerebral arteriolar response to alkyl alcohols.
It is an unusual and unexpected observation that in comparison with other related alcohols, ethanol had the opposite effect on the tone of isolated in tracerebral arterioles. Often the actions of alkyl al cohols correlate to their carbon chain length (i.e., lipid solubility). For instance, Lyon et al. (1981) , using a series of alkyl alcohols (including ethanol, I-propanol, and I-butanol), found good correlation between loss of righting reflex in mice (ED 50) and membrane-disordering potency in a synaptosomal plasma membrane preparation or partition coeffi cient. To our knowledge, similar studies on the ef fects of alkyl alcohols on blood vessel preparations have not previously been reported. Although etha nol may not interact with a specific receptor, it may interact selectively with defined regions of mole cules (protein or lipid), particularly those associated with the lipid bilayer (Tabak off et aI., 1988; Hoff man and Tabakoff, 1990) , rather than alter the flu idity of the bulk lipid of cell membranes (Seeman, 1972; Wood and Schroeder, 1988) . We speculate that the opposite effect of ethanol compared with related alcohols on intracerebral arteriole tone may imply a very specific interaction of ethanol with some aspect of smooth muscle or endothelial cell function. While ultimately an increase in vascular tone must reflect a change in free calcium levels or an increased calcium sensitivity of myokinase in the vascular smooth muscle, ethanol could exert its ef fects proximal to this control point in either the vas cular smooth muscle or the endothelium. The present experiments do not address the cellular or subcellular site(s) of action of ethanol. The mecha nisms responsible for ethanol's actions may prove to depend on the vascular bed, vessel size, and spe cies studied. The different arteriolar response in comparison with other alkyl alcohols may provide a useful tool in identifying which of ethanol's effects on subcellular biochemistry contribute to a vessel's response.
In addition to related alkyl alcohols, we also com pared the response of the intracerebral arterioles to urea, a polar molecule that freely penetrates and partitions cell membranes and interacts with pro teins at polar peptide linkages or anionic sites, and mannitol, a nonpenetrating, true osmoticant (Jons son, 1971; Somero, 1986) . Both urea and mannitol elicited vasodilatation of the intracerebral arteri oles. The intracerebral arterioles dilated less in urea in comparison to mannitol. These data are in agree ment with the observations of Takeda et al. (1988) in basilar artery strips. They suggest that equilibra tion of urea with the intracellular space may cause only transient increases in osmotic pressure. In any event, it seems unlikely that a change in osmotic pressure by ethanol mediates the vasoconstriction of intracerebral arterioles that it produces.
In conclusion, we have shown that ethanol con stricts isolated intracerebral arterioles in a dose dependent manner, while related alcohols (metha nol, I-propanol, and I-butanol) do not. Further, urea, which also disrupts lipid membranes and could be thought of as a freely penetrating, polar, osmotic control, and mannitol, a nonpenetrating os motic control, cause vasodilatation rather than va soconstriction. We infer that the mechanism of ac tion of ethanol does not involve solely a nonspecific action based on its physicochemical characteristics of osmolarity or lipid solubility, but rather may re flect a more specific action of ethanol on one or more cellular mechanisms responsible for determin ing basal intracerebral arteriole tone. The charac terization of the response of intracerebral arterioles to ethanol, as well as identification of ethanol's mechanisms of action, are important in view of ep idemiologic links between ethanol consumption and cerebrovascular disease.
